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FRQVHUYDWLRQ RI PDWHULDOV DQG HQHUJ\ LV LPSRUWDQW
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HDFK FKDUDFWHULVWLF KDV GLIIHUHQW LQIOXHQFHV RQ WULERORJLFDO
EHKDYLRXU7KHDYHUDJHVL]HRIQDQRSDUWLFOHVXVHGLVEHWZHHQ
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DL]DWQLGD#JPDLOFRP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ULQJFRQWDFWKDVEHHQUHFRJQL]HGDVDQLPSRUWDQWLQIOXHQFHRQ
WKH SHUIRUPDQFH RI LQWHUQDO FRPEXVWLRQ HQJLQH LQ VHYHUDO
DVSHFWV VXFK DV KDUPIXO H[KDXVW HPLVVLRQV EORZE\ SRZHU
ORVWIXHOFRQVXPSWLRQDQGRLOFRQVXPSWLRQ>@$OXEULFDQW
ZLWK VROLG QDQRSDUWLFOHV FDQ UHGXFH WKH IULFWLRQ FRHIILFLHQW
ZKLOH VLPXOWDQHRXVO\ LQFUHDVH WKH ORDG FDUU\LQJ FDSDFLW\ RI
WKHOXEULFDQWIOXLG>@1RZDGD\VQRUPDOOXEULFDQWVVXFKDV
SHWUROHXP FRDOV DQG QDWXUDO JDVHV DUH LQ KLJK GHPDQG
+RZHYHU WKHVH QDWXUDO UHVRXUFHV KDYH WKHLU OLPLWDWLRQV DQG
ZLOO EH GHSOHWHG GXH WR KLJK IXHO FRQVXPSWLRQV DURXQG WKH
ZRUOG >@ $FFRUGLQJ WR ,GULV 9H]LU >@ GXULQJ WKH
PRYHPHQW RI WKH SLVWRQ ULQJ ZLWKLQ WKH GHDGFHQWUH RI WKH
F\OLQGHUWKHPD[LPXPIULFWLRQFRHIILFLHQWRFFXUUHGZKHUHWKH
OXEULFDQWLVPLQLPDODQGWKHSLVWRQULQJZDVDWDKLJKHUVSHHG
ZKLOH WKH PLQLPXP IULFWLRQ FRHIILFLHQW RFFXUUHG GXULQJ WKH
PLGVWRNH(WWHIDJKL$KPDGL>@KDYHVWDWHGWKDWWKHQDWXUDO
ZHDU DQG IULFWLRQ FRHIILFLHQW KDG LPSURYHG DW WKH VDPH WLPH
ZKHQ WKH YLVFRVLW\ RI WKH EDVH RLO KDG LQFUHDVHG ZLWK
LQFUHDVLQJFRQFHQWUDWLRQRI&XQDQRSDUWLFOHV
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EDVHRLOVRFFXUUHGZLWKORZFRQFHQWUDWLRQVRIQDQRSDUWLFOHV
A. Design of Experiment (DOE) 
6XFFHVVIXO H[SHULPHQWDWLRQ UHTXLUHV NQRZOHGJH RI WKH
LPSRUWDQWIDFWRUVWKDWFDQLQIOXHQFHWKHRXWSXW7KHGHVLJQRI
H[SHULPHQW DQG WKH VWDWLVWLFDO DQDO\VLV RI GDWD DUH WZR EDVLF
DVSHFWV LQ VFLHQWLILF H[SHULPHQWDWLRQ 5HVSRQVH VXUIDFH
PHWKRGRORJ\ RU 560 LV D PDWKHPDWLFDO DQG VWDWLVWLFDO
WHFKQLTXHWKDWLVXVHIXOIRUDQDO\VLQJDQGPRGHOOLQJDSUREOHP
WKDWPD\EHLQIOXHQFHGE\VHYHUDOYDULDEOHV7KHREMHFWLYHRI
XVLQJ WKHVH WHFKQLTXHV LV WR RSWLPL]H UHVSRQVHV 7KH 560
XVHVWKH%R[%HKQNHQGHVLJQGHYHORSHGWRUHTXLUHRQO\WKUHH
OHYHOV FRGHG DV   DQG  7KLV GHVLJQ PD\ EH XVHG WR
RSWLPL]H RQH RU PRUH UHVSRQVHV $FFRUGLQJ WR $OSDVODQ
$WPDQOÕ %HGUL <NVHO >@ WKH JHQHUDO VHFRQGRUGHU
SRO\QRPLDO UHVSRQVH VXUIDFH PDWKHPDWLFDO PRGHO IXOO
TXDGUDWLFPRGHO IRU WKH H[SHULPHQWDO GHVLJQ LV DV VKRZQ LQ
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IRU GHWHUPLQLQJ WKH UHJUHVVLRQ HTXDWLRQ DQG WKH\ DOVR
UHSUHVHQW WKH UHVLGXDOPDWUL[7KH H[SHULPHQWDO UHVXOWV EDVHG
RQ WKH 560 PHWKRG KDYH EHHQ HVWDEOLVKHG ZLWK  
FRQILGHQFH7KHRSWLPXPYDOXHVRIWKHVHOHFWHGYDULDEOHVZHUH
REWDLQHGE\VROYLQJWKHUHJUHVVLRQHTXDWLRQXVLQJWKH$QDO\VLV
RI 9DULDQFH $129$ $129$ UHSUHVHQWV WKH UHODWLRQVKLS
EHWZHHQWKHSDUDPHWHUVZLWKWKHRYHUDOOSURFHVVSHUIRUPDQFH
7KH$129$ LV D VLPSOH LGHD RI LQWURGXFLQJ WKH QRZD\ RU
QRIDFWRU DQDO\VLV RI YDULDQFH WKDW EXLOGV XS WR RQHZD\ RU
RQHIDFWRUDQDO\VLVRIYDULDQFHDQGHYHQWXDOO\WRDPXOWLZD\
RUPXOWLIDFWRUDQDO\VLVRIYDULDQFH7KH0LQLWDEVRIWZDUH
ZDV XVHG WR JHQHUDWH WKH UHVSRQVH VXUIDFH SORWV DQG FRQWRXU
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B. Wear Rate 
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C. Coefficient of Friction (COF) 
)ULFWLRQRFFXUVZKHQRQHVROLGVXUIDFHVOLGHVRYHUWKHRWKHU








7KH FRHIILFLHQW RI IULFWLRQ LV RQH RI WKH LPSRUWDQW DVSHFWV
WKDW FDQ LQIOXHQFH WKH WULERORJLFDOEHKDYLRXURI WKH OXEULFDQW
7KH IULFWLRQ FRHIILFLHQWZLOO UHSUHVHQW WKH HQHUJ\ ORVV FDXVHG
E\ IULFWLRQ >@ 7KHUHIRUH WKH DGGLWLRQ RI QDQRSDUWLFOHV
HVSHFLDOO\ FRSSHU ,, R[LGH FDQ UHGXFH WKH HQHUJ\ LQ WKH
PHFKDQLFDOORVV7KHORZHUFRHIILFLHQWRIIULFWLRQZLOOJLYHWKH
PD[LPXP IULFWLRQ UHGXFWLRQ DQG EHWWHU ZHDU XVLQJ WKH
OXEULFDQW DGGHG ZLWK WKH DGGLWLYH $FFRUGLQJ WR >@ KLJKHU
IULFWLRQ FRHIILFLHQW ZLOO H[KLELW ORZHU IULFWLRQ UHGXFWLRQ LQ D








A. Nanoparticles and Lubricant 
6SKHULFDOQDQRSDUWLFOHVRIQPLQVL]HZHUHGLVSHUVHG LQ
WKH Syntium 6/ : ZLWK FRQFHQWUDWLRQV RI  ZW
FRQWURO  ZW DQG  ZW LQ VHSDUDWH FRQWDLQHUV
XVLQJDZDWHUEDWKVRQLFDWRU IRUKRXU7KHQDQRSDUWLFOHVDV
DQ DGGLWLYH FRXOG LPSURYH WKH DQWLZHDU ORDGFDUU\LQJ DQG
IULFWLRQUHGXFWLRQ SHUIRUPDQFH RI EDVH RLO $GGLWLRQDOO\
QDQROXEULFDQW FRXOG EH XVHG WR DYRLG VHGLPHQWDWLRQ DQG








EHIRUH DQG DIWHU XVH DQG WKHQGULHG7KH560ZDVGHVLJQHG
XVLQJ WKH 0LQLWDE VRIWZDUH ([SHULPHQWV ZHUH FRQGXFWHG
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 7KH
ZHDU VXUIDFH RQ WKH VSHFLPHQZDV FKDUDFWHUL]HG XVLQJ 6(0
ZKLOH;5'ZDVXVHGWRGHWHFWWKHHOHPHQWVWKDWZHUHSUHVHQW
RQWKHVSHFLPHQ
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A. Empirical Model and Regression Analysis on 
Tribological Properties 
7KHGHVLJQPDWUL[DQGWKHFRUUHVSRQGLQJUHVSRQVHVIRUWKH
H[SHULPHQWDO VWXGLHVZHUH FDUULHG RXW XVLQJ$129$ )LJ 
VKRZVWKHUHVLGXDOSORWVRIWKH&2)RIWKH&X2QDQRSDUWLFOHV
LQEDVHRLODVDIXQFWLRQRIWKHLQGHSHQGHQWYDULDEOHDQGEDVHG
RQ WKH OLQH LQ WKH QRUPDO SUREDELOLW\ SORW DQG WKH HYHQ
GLVWULEXWLRQRI GDWD LQ WKH YHUVXV ILWV LW FDQEH DVVXPHG WKDW
WKH UHVLGXDOV RI WKH PRGHO IRU WKH &2) ZHUH QRUPDOO\
GLVWULEXWHG
7DEOHV ,,, DQG ,9 SUHVHQW WKH HVWLPDWHG UHJUHVVLRQ
FRHIILFLHQWV DQG DQDO\VLV RI YDULDQFH $129$ IRU WKH
FRHIILFLHQWRIIULFWLRQDQGZHDUUDWHRIWKHQDQROXEULFDQW)URP
WKHVHUHVXOWVWKHSUREDELOLW\YDOXHVSYDOXHIRUWKH&2)DQG








LQGLYLGXDO SDUDPHWHUV DQG WKHLU LQWHUDFWLRQV ILW DV D VHFRQG
RUGHUTXDGUDWLFPRGHO7KHUHIRUH WKHJHQHUDWHGPRGHOVZHUH
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  
/RDG6SHHG     
/RDG&RQFHQWUDWLRQ     
6SHHG&RQFHQWUDWLRQ     
5HVLGXDO(UURU     
/DFNRI)LW     
3XUH(UURU     
7RWDO     




7KH WYDOXH DQG 3YDOXH LQ WKH HVWLPDWHG UHJUHVVLRQ
FRHIILFLHQWRIWKH&2)LQ7DEOH,,,DQGWKHZHDUUDWHLQ7DEOH
,9 GHQRWH WKH VLJQLILFDQW LQIOXHQFH RI HDFK LQSXW YDULDEOH LQ
WKHPRGHOV7KHVPDOOHUQXPHULFDOYDOXHVRISDQGWKHODUJHU
YDOXHVRIWVLJQLI\WKDWWKHUHODWHGUHJUHVVLRQFRHIILFLHQWVDUH
KLJKO\ VLJQLILFDQW >@ 7KH SYDOXH LQ WKH$129$ DQDO\VLV
KHOSVWRGHWHUPLQHZKLFKHIIHFWZKHWKHUIDFWRURULQWHUDFWLRQ
LV VWDWLVWLFDOO\ VLJQLILFDQW :KHQ WKH pYDOXH LV VPDOOHU WKH
SUREDELOLW\ WRPDNH D PLVWDNH LV DOVR VPDOOHU %DVHG RQ WKH
&2)PRGHOV WKH KLJKHVW VLJQLILFDQW OHYHOZDV VKRZQE\ WKH
OLQHDU ORDG IROORZHG E\ WKH TXDGUDWLF ORDG DQG ODVWO\ WKH
TXDGUDWLF VSHHG0HDQZKLOH WKH TXDGUDWLF FRQFHQWUDWLRQ WKH
LQWHUDFWLRQ EHWZHHQ ORDG DQG FRQFHQWUDWLRQ DV ZHOO DV WKH
LQWHUDFWLRQ EHWZHHQ VSHHG DQG FRQFHQWUDWLRQ ZHUH OHVV
VLJQLILFDQW+LJKO\VLJQLILFDQWLPSDFWVWRWKHZHDUUDWHPRGHO
ZHUHGLVSOD\HGE\WKHOLQHDUORDGZKLFKZDVIROORZHGE\WKH
OLQHDU VSHHG DQG WKH TXDGUDWLF ORDG IRU WKH HVWLPDWHG
UHJUHVVLRQ FRHIILFLHQW RI WKH ZHDU UDWH 0HDQZKLOH OHVV
VLJQLILFDQW LPSDFWV ZHUH VKRZQ E\ WKH OLQHDU FRQFHQWUDWLRQ
TXDGUDWLFVSHHGDQGWKHORDGFRQFHQWUDWLRQLQWHUDFWLRQ

B. Response of Wear Rate and Average Control Parameters 
7KHWKUHHGLPHQVLRQDOVXUIDFHSORWVDQGFRQWRXUSORWVRIWKH




DV D IXQFWLRQ RI ORDG DQG VSHHG RQ &2) DW D PHDQ
FRQFHQWUDWLRQ RI  ZW ,W LV FOHDU WKDW WKH &2) ZDV
UHGXFHG EDVHG RQ WKH ORDG í 1 DQG VSHHG í
USPWKDWZHUHFKRVHQ$VLPLODUWUHQGLVVKRZQLQ)LJF
WKH ORDGFRQFHQWUDWLRQ SORWV IRU ERWK SDUDPHWHUV KDYH VKRZQ
WKHLUHIIHFWVRQWKH&2)RIWKHWULERORJ\LQWKHQDQROXEULFDQW
7KH VSHHG DQG FRQFHQWUDWLRQSORWV LQ)LJ E VKRZ WKDW DV
WKHVSHHGLQFUHDVHVWKH&2)GURSSHGVOLJKWO\0HDQZKLOHWKH
&2) ZDV UHGXFHG WR WKH ORZHVW YDOXH DW D FHUWDLQ
FRQFHQWUDWLRQ 7KHQ LW URVH ZKHQ WKH FRQFHQWUDWLRQ ZDV
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6 5ð 5ðDGM 5ðSUHG GI GHJUHHRI
IUHHGRP$GM66DGMXVWHGVXPRIVTXDUHV$GM06DGMXVWHGPHDQVTXDUHV
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'XULQJ WKH VOLGLQJ WKH KDUG DVSHULWLHV RQ WKH FRXQWHUIDFH
KDG H[WULFDWHG WKH FRQWDFWLQJ PDWHULDO RQ WKH VSHFLPHQ¶V
VXUIDFHDVZHDUGHEULV,WKDSSHQHGGXHWRWKHGHSRVLWRIVPDOO
IUDJPHQWV RI ZHDU GHEULV EHWZHHQ WKH FRXQWHUIDFH RI WKH
DEUDVLYH DVSHULWLHV WKDW KDG EURNHQ RII IURP WKH VRIWHU
PDWHULDO$FFRUGLQJWR>@WKHQDQRSDUWLFOHVFDQSHQHWUDWHLQWR
WKHFRQWDFWDUHDRI WKHVSHFLPHQDQGGHSRVLWRQLWEHFDXVHRI
WKH VPDOOHU RU VLPLODU VL]H RI WKH OXEULFDQW¶V ILOP WKLFNQHVV
+RZHYHUQDQRSDUWLFOHVPD\DOVRKDYHDGHOHWHULRXVHIIHFWWKDW




7KH UHVSRQVH VXUIDFH SORWV DQG FRQWRXU SORWV SUHVHQWHG LQ
)LJ VKRZ WKH HIIHFWV RI GLIIHUHQW FRQWURO SDUDPHWHU
FRPELQDWLRQVRQWKHZHDUUDWHRI WKHQDQROXEULFDQW7KHORDG
LQWHUDFWLRQ LQ )LJ  D KDV UHYHDOHG WKDW WKHZHDU UDWH ZDV
GHFUHDVHG ZKHQ WKH ORDG ZDV LQFUHDVHG EHWZHHQ  WR 1
0HDQZKLOH WKHLQFUHDVHLQZHDUUDWHZDVREVHUYHGIROORZLQJ
WKHDGGLWLRQRIDSSOLHGORDG7KLVFRXOGEHGXHWRWKHLQFUHDVHG





ORZHVW YDOXH DW D FHUWDLQ VSHHG DQG WKHQZHQW XSZKHQ WKH
VSHHGZDVLQFUHDVHGHYHQXQGHUORZORDGFRQGLWLRQV
,Q )LJ  F WKHZHDU UDWH LQFUHDVHGZKHQ WKH VSHHGZDV
LQFUHDVHG ZKLOH WKH FRQFHQWUDWLRQ RI QDQRSDUWLFOHV KDG OHVV
VLJQLILFDQWLPSDFWRQWKHZHDUUDWH7KLVPLQRULPSDFWRQWKH
WULERORJLFDO EHKDYLRXU RI WKH VSHFLPHQPD\ EH GXH WR VRPH
WUDSSHGGHEULV7KHSURWHFWLRQOD\HUZDVQRWIRUPHGGXULQJWKH
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&RQWRXU 3ORW RI :HDU 5DWH PP1P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C. Optimization of Tribological Behaviour 
7KH PDLQ DGYDQWDJH RI XVLQJ WKH UHVSRQVH VXUIDFH
PHWKRGRORJ\ LV WKDW WKH UHVSRQVHV FDQ EH RSWLPL]HG E\
FRQWUROOLQJ WKHSDUDPHWHUV7KH WULERORJLFDOSHUIRUPDQFHRID
PDWHULDO GRHV QRW RQO\ GHSHQG RQ WKH FKDUDFWHULVWLFV RI WKH
&X2QDQRSDUWLFOHVEXWDOVRRQWKHORDGVOLGLQJGLVWDQFHVSHHG
DQGRWKHUIDFWRUV,QWKHPDMRULW\RIFDVHVWKHGHYHORSPHQWRI
D QDQROXEULFDQW ZLWK ORZHU ZHDU UDWH DQG &2) LV SUHIHUUHG
EHFDXVHLWFDQSURYLGHORQJHUVHUYLFHOLIH,QWKHSUHVHQWVWXG\
WKH RSWLPL]DWLRQ SURFHVV ZDV FDUULHG RXW ZLWK WKH DLP RI
UHGXFLQJ IULFWLRQ DQGZHDU RI WKH OXEULFDQW XVLQJ WKH VWXGLHG
YDULDEOHV 7KH RSWLPL]DWLRQ RI WKH WZR UHVSRQVHV ZDV
FRQGXFWHG EXW RQH UHVSRQVH ZDV FRPSURPLVHG VLQFH LW ZDV
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RSWLPL]DWLRQ RI WKH UHVSRQVHV RI WKH QDQROXEULFDQW 7KH
SUHGLFWHGRSHUDWLQJFRQGLWLRQVUHTXLUHGIRUWKHLQSXWYDULDEOHV
WR DFKLHYH PLQLPXP ZHDU DQG &2) IRU WKH QDQROXEULFDQW






UDWH RI D OXEULFDQW DGGHG ZLWK &X2 QDQRSDUWLFOHV 7KH
IROORZLQJFRQFOXVLRQVFDQEHGUDZQIURPWKHILQGLQJVRIWKLV
VWXG\
L 7KH SUHGLFWHG RSWLPL]HG SDUDPHWHUV UHTXLUHG WR SURGXFH
ORZHU UHVSRQVHV RI &2) DQG ZHDU UDWH ZKHQ XVLQJ
QDQRSDUWLFOHVDVDQDGGLWLYHWRLPSURYHWKHOXEULFDQWZHUH
D ORDG RI 1 VSHHG RI USP DQG DW
ZW FRQFHQWUDWLRQ 7KHVH RSWLPL]HG SDUDPHWHUV
SURGXFHGEHWWHUWULERORJLFDOEHKDYLRXUFRPSDUHGWRWKDWRI
WKHSDUDPHWHUVZLWKRXWQDQRSDUWLFOHVDVDGGLWLYH
LL 7KH UHODWLRQVKLSV EHWZHHQ WKH FRQWURO SDUDPHWHUV ORDG
VSHHG DQG FRQFHQWUDWLRQ DQG UHVSRQVHV ZHDU UDWH DQG
DYHUDJH &2)ZLWK &X2 QDQRSDUWLFOHV DV DQ DGGLWLYH LQ
WKHOXEULFDQWJDYHDEHWWHUSHUIRUPDQFHWKURXJKWKHXVHRI
560 7KH SDUDPHWHUV KDG VLJQLILFDQW HIIHFWV RQ WKH
WULERORJLFDOEHKDYLRXURIWKHOXEULFDQW
$FFRUGLQJWRWKHVHUHVXOWVLWFDQEHFRQFOXGHGWKDWWKH&X2







$XWKRUV ZRXOG OLNH WR WKDQN DQG DFNQRZOHGJH 8QLYHUVLWL
0DOD\VLD 3DKDQJ 803 DQG WKH 0LQLVWU\ RI +LJKHU
(GXFDWLRQ 02+(0DOD\VLD IRU IXQGLQJ WKLV UHVHDUFKXQGHU
WKH +,5 *UDQW DQG WKH ILQDQFLDO VXSSRUW UHFHLYHG IURP WKH
5'8*UDQW9RWH1R
5()(5(1&(6
>@ -DWWL 96 DQG 736LQJK Copper oxide nano-particles as friction-
reduction and anti-wear additive in lubricating oil.0HFKDQLFDO6FLHQFH
DQG7HFKQRORJ\S
>@ (WWHIDJKL (2, HW DO Preparation and thermal properties of oil-
based nanofluid from mult-walled carbon nanotubes and engine oil as 
nano-lubricant.S
>@ /HH . HW DO Understanding the role of nanoparticles in nano-oil 
lubrication.7ULERO/HWW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>@ 3DGJXUVNDV - HW DO Tribological properties of lubricant additive of 
Fe,Cu and Co nanoparticle.S
>@ <<:X:&7VXLDQG7&/LXExperimental analysis of tribological 
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with MoS2 nanoparticle at elevated temperatures.:HDU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>@ %DWWH] $+ HW DO CuO, ZrO2 and ZnO nanoparticles as antiwear 
additive in oil lubricants.:HDU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@ =XONLIOL1:0HWDOExperimental analysis of tribological properties 
of chemically modified bio-based lubricant with nanoparticle additives.
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cylinder liner and piston ring pair using Taguchi Method design method.
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>@ <&KRL HW DO Tribological behaviour of copper nanoparticles as 
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>@ $OSDVODQ $WPDQOÕ HW DO Response surface methodology based 
optimization of diesel–n-butanol –cotton oil ternary blend ratios to 
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composites using response surface methodology. 7ULERORJ\
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